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ABSTRACT Human adenoviruses (HAdV) are ubiquitous within the human popula-
tion and comprise a significant burden of respiratory illnesses worldwide. Pediatric
and immunocompromised individuals are at particular risk for developing severe dis-
ease; however, no approved antiviral therapies specific to HAdV exist. Ivermectin is
an FDA-approved broad-spectrum antiparasitic drug that also exhibits antiviral prop-
erties against a diverse range of viruses. Its proposed function is inhibiting the clas-
sical protein nuclear import pathway mediated by importin-� (Imp-�) and -�1 (Imp-
�1). Many viruses, including HAdV, rely on this host pathway for transport of viral
proteins across the nuclear envelope. In this study, we show that ivermectin inhibits
HAdV-C5 early gene transcription, early and late protein expression, genome replica-
tion, and production of infectious viral progeny. Similarly, ivermectin inhibits ge-
nome replication of HAdV-B3, a clinically important pathogen responsible for numer-
ous recent outbreaks. Mechanistically, we show that ivermectin disrupts binding of
the viral E1A protein to Imp-� without affecting the interaction between Imp-� and
Imp-�1. Our results further extend ivermectin’s broad antiviral activity and provide a
mechanistic underpinning for its mode of action as an inhibitor of cellular Imp-�/�1-
mediated nuclear import.

IMPORTANCE Human adenoviruses (HAdVs) represent a ubiquitous and clinically
important pathogen without an effective antiviral treatment. HAdV infections typi-
cally cause mild symptoms; however, individuals such as children, those with under-
lying conditions, and those with compromised immune systems can develop severe
disseminated disease. Our results demonstrate that ivermectin, an FDA-approved an-
tiparasitic agent, is effective at inhibiting replication of several HAdV types in vitro.
This is in agreement with the growing body of literature suggesting ivermectin has
broad antiviral activity. This study expands our mechanistic knowledge of ivermectin
by showing that ivermectin targets the ability of importin-� (Imp-�) to recognize nu-
clear localization sequences, without effecting the Imp-�/�1 interaction. These data
also exemplify the applicability of targeting host factors upon which viruses rely as a
viable antiviral strategy.
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The continuous flow of molecules between the cytoplasm and nucleus of eukaryotic
cells is essential for many cellular processes. Transport of macromolecules, espe-

cially proteins, across the nuclear envelope is a highly regulated process that requires
passage through the nuclear pore complex (NPC) (1, 2). As protein size increases, so
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does the difficulty in passing through the NPC. Larger proteins, typically over 40 to
50 kDa, require active transport mechanisms. This includes the classical protein nuclear
import pathway which utilizes the importin alpha (Imp-�) and beta 1 (Imp-�1) proteins.
Imp-� recognizes nuclear localization sequences (NLS) within proteins, while Imp-�1
serves to bridge the Imp-�/NLS complex with the NPC (3). Seven Imp-� isoforms exist
in humans, all possessing a conserved importin beta binding (�IBB) domain located on
their N terminus (4–6). The �IBB forms an intramolecular interaction with the NLS
binding groove, preventing binding of Imp-�1 to an unloaded Imp-�, reducing futile
nuclear translocation of empty import complexes (7). The Imp-�/�1 pathway defines
classical nuclear import, where Imp-� recognizes NLSs containing a cluster of basic
amino acids. These are collectively referred to as classical NLSs (3, 5, 8). By coevolving
with eukaryotic hosts, viral pathogens have developed diverse mechanisms to usurp
this important and highly coordinated pathway. These include mimicry of cellular NLSs
by viral proteins and manipulation of these host factors at the molecular level (9).

Human adenoviruses (HAdVs) are ubiquitous in the human population, particularly
in children and young adults, and contribute to a significant portion of respiratory and
gastrointestinal illnesses worldwide (10–12). The most common HAdV species associ-
ated with disease are HAdV-C, -B, and -E (11). In particular, HAdV-B3 and -B7 are
commonly associated with acute respiratory illness and have been reported in several
outbreaks worldwide (13–17). HAdV-B55 has recently emerged as an epidemic strain in
both Europe and Asia, causing acute respiratory illness in adults and outbreaks within
civilian and military populations (18–21). Additionally, immunocompromised individu-
als, such as transplant recipients, are at particular risk for severe illness or death from
numerous HAdVs, including HAdV-C, -A, and -B (11, 22). Aside from cidofovir, a
nucleotide analogue approved for cytomegalovirus-induced retinitis, and the cidofovir
derivative brincidofovir, there are no antiviral drugs with clinically relevant activity
against HAdV (22, 23). Notably, HAdV gene expression, genome replication, and virion
assembly all take place within the nucleus, and many of its gene products carry out
crucial functions in this compartment to enhance its viral replication cycle (24, 25). This
raises the possibility that drugs interfering with nucleocytoplasmic transport might
inhibit HAdV replication. In addition to providing new molecular insights into the
replication stages of HAdV infections, understanding the relationship between HAdV
and host nuclear import machinery may identify target points for antiadenoviral
therapies.

Ivermectin is a broad-spectrum antiparasitic approved for use in humans to treat a
variety of neglected diseases, such as onchocerciasis and lymphatic filariasis, and has
been mass administered for the treatment of scabies (26–30). Through a high-
throughput drug-screening approach, ivermectin was also identified as a general
inhibitor of Imp-�/�1-mediated nuclear import (31). Several recent studies have ex-
plored ivermectin as a means of abrogating nuclear localization of viral proteins and as
an inhibitor of viral replication (9). Several RNA viruses, including human immunode-
ficiency virus (HIV), dengue virus (DENV), and Hendra virus (HeV), were potently
inhibited in vitro by ivermectin (32–34). While findings on ivermectin’s effects on DNA
viruses are more limited, it has been shown to impair BK polyomavirus (BKPyV) infection
in vitro (35).

In this study, we sought to extend the exploration of ivermectin’s antiviral activity
by examining its effects on HAdV-C5 infection. We found that ivermectin inhibits the
overall production of infectious HAdV-C5 progeny in a dose-dependent fashion. Mul-
tiple viral proteins produced early during infection exhibited impaired nuclear local-
ization. Ivermectin treatment led to severely reduced levels of several HAdV-C5 mRNAs,
protein products, and progeny genomes postinfection. In addition, we show that
ivermectin targets the Imp-�/NLS interaction without disrupting Imp-�1 binding. To-
gether, these findings offer insight into ivermectin’s inhibitory effects on HAdV repli-
cation, as well as provide new mechanistic details regarding ivermectin’s mode of
action.
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RESULTS
Ivermectin inhibits HAdV-C5 progeny production in a dose-dependent man-

ner. Ivermectin has been previously demonstrated to function as an antiviral agent
against several viruses that encode factors that rely on host Imp-�/�1-mediated nuclear
transport (31). Ivermectin has been described as a general inhibitor of this pathway and
was shown to reduce nuclear import of viral proteins such as SV40 large T-antigen
(TAg), HIV integrase, DENV NS5, and BKPyV VP2 and VP3 (32–35). To build upon these
initial studies, we sought to test this drug’s ability to affect HAdV replication, as it too
encodes many proteins with crucial nuclear functions (36).

A549 lung epithelial carcinoma cells were infected with HAdV-C5 at a multiplicity of
infection (MOI) of 5 over a range of ivermectin concentrations and harvested at various
time points postinfection to determine viral titers (Fig. 1A). Compared to DMSO
(dimethyl sulfoxide) control-treated cells, production of infectious progeny from cells
treated with ivermectin was significantly reduced. Observed differences emerged as
early as 24 hours postinfection (hpi), continuing through to 60 hpi (Fig. 1B). Notably,
higher doses of ivermectin corresponded with more potent inhibition of progeny
production, indicative of a dose-dependent response. The doses ranged from concen-
trations that did not affect cell health (1 �M), up to its 50% inhibitory concentration

FIG 1 Ivermectin inhibits production of infectious HAdV progeny in a dose-dependent manner. A549 cells were
infected with HAdV-C5 (MOI 5) and treated with up to 10 �M ivermectin. Cells were collected at various time points
up to 60 hours postinfection, when cytopathic effect had cleared most cells. Production of infectious progeny virus
quantitatively assayed by plaque formation on HEK293 cells. (A) Data are shown over 24 to 60 hours for a range
of ivermectin doses. (B) Data at the 60-hour endpoint are highlighted, and statistical significance is shown relative
to DMSO control-treated cells. Values are represented as mean � SEM. *, P � 0.01; n � 3. (C) A549 cells were
subjected to a 72-hour dose of ivermectin at various concentrations to gauge long-term cell viability using a
PrestoBlue assay.
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(IC50) as indicated by cell viability assays performed 72 hours postadministration
(Fig. 1C). For experiments where longer exposures (12 to 60 hours) of ivermectin were
required, we chose 10 �M as our working concentration, whereas short-term experi-
ments (�6 hours) used higher doses, consistent with the existing literature (37).

Ivermectin abrogates nuclear localization of viral factors crucial for the
HAdV-C5 replication cycle. To determine how ivermectin was inhibiting HAdV-C5
replication, we examined its impact on the subcellular localization of several HAdV-C5
proteins with known nuclear functions. As proof of principle, we first sought to
reproduce previously published findings demonstrating ivermectin’s ability to block
nuclear import of an enhanced green fluorescent protein (EGFP)-tagged T antigen
(TAg) NLS. The SV40 TAg NLS is one of the oldest and most well-characterized classical
NLSs and relies exclusively on Imp-�/�1 for import (38). HT-1080 fibrosarcoma cells
were transfected with either EGFP or EGFP-TAg NLS and subsequently treated for
1.5 hours with 25 �M ivermectin or DMSO control. As anticipated, EGFP localization was
unaffected by treatment with ivermectin (Fig. 2A). While EGFP-TAg NLS protein was
predominantly nuclear in control-treated cells, there was a noticeable shift to cytoplas-
mic accumulation in ivermectin-treated cells (Fig. 2B). Importantly, 25 �M ivermectin
for 1.5 hours did not elicit any observable cytopathic effects with the HT-1080 cell line.
This result confirms that ivermectin reduces nuclear import mediated by the classical
SV40 TAg NLS in this experimental system.

Next, we examined ivermectin’s effects on several HAdV-C5 early gene products
during infection of A549 cells. We specifically targeted E1A and DNA-binding protein
(DBP), two proteins which utilize the Imp-�/�1 machinery. HAdV E1A is a multifunc-
tional protein and is the first HAdV gene product synthesized postinfection (39). It
functions by binding and altering the functionality of dozens of cellular target proteins
to drive viral transcription and induce the S phase of the cell cycle (39). E1A contains
a classical NLS that utilizes Imp-�/�1 to facilitate its nuclear import and exhibits a
predominantly nuclear localization (40–42). Compared to control-treated cells, 10 �M

FIG 2 Ivermectin blocks Imp-�-mediated nuclear localization of proteins crucial for HAdV infection. (A and B) HT-1080 cells were
transfected with either EGFP (vector) or EGFP-tagged T-antigen NLS and treated with 25 �M ivermectin (IVM) for 1.5 hours prior to fixation
and immunofluorescence imaging. Cytoplasmic relocalization of T-antigen NLS in the presence of ivermectin serves as a positive control
for IVM’s function. (C and D) A549 cells were infected with HAdV-C5 (MOI, 5) and treated with 10 �M IVM for 20 hours until cells were fixed
and processed for imaging. (C) Subcellular localization of E1A during infection in the presence of ivermectin. (D) DBP immunofluorescence
as a surrogate for viral replication centers reveals smaller and fewer virus replication centers. (E) Quantification of the viral replication
centers in panel C as determined by DBP immunofluorescence (displayed as means � SEM; *, P � 0.001; n � 50). Scale bars represent
25 �m.
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ivermectin caused a dramatic increase in cytoplasmic localization of E1A at 20 hpi (Fig.
2C). HAdV DBP is a single-stranded DNA-binding protein encoded by the viral E2A early
gene and coats single-stranded DNA intermediates of HAdV genome replication (43). In
addition, visualization of DBP in HAdV-infected cells serves as a surrogate marker for
virus replication centers (44). Like E1A, DBP also contains a classical NLS (45). While
treatment of cells with 10 �M ivermectin did not elicit a drastic shift of DBP to the
cytoplasm like it did with E1A (Fig. 2D), noticeably smaller and fewer virus replication
centers were present in the nuclei of infected cells at 20 hpi (Fig. 2E).

Ivermectin impairs viral transcription, genome replication, and protein syn-
thesis. To further gauge ivermectin’s effects on the molecular kinetics of HAdV-C5
infection, we analyzed multiple aspects of the HAdV-C5 replication cycle. The decreased
levels of infectious progeny produced after ivermectin treatment (Fig. 1) could be due
to reduced expression of crucial viral proteins. We first examined overall levels of both
early (E1A and DBP) and late (hexon, penton, and protein V and VII) HAdV-C5 proteins
across multiple infection time points (Fig. 3A). We observed numerous defects in
HAdV-C5 protein production in the presence of 10 �M ivermectin. While the initial
burst (12 to 18 hpi) of E1A synthesis appeared unaffected, subsequent time points (24
to 36 hours) displayed a large reduction in E1A protein levels as shown by Western
blotting. Similarly, DBP and all late proteins were expressed at lower levels in cells
treated with ivermectin across all time points.

FIG 3 Ivermectin impairs the molecular kinetics of HAdV infection on multiple levels. A549 cells were infected (MOI,
5) with HAdV-C5 (A, B, D), HAdV-B3, or -E4 (C) and treated with 10 �M ivermectin (IVM). (A) Cells were harvested
at 12, 18, 24, and 36 hpi, and viral protein synthesis was assayed by Western blotting using antibodies against
representative proteins from various HAdV-C5 transcription units. Actin was used as a loading control. (B and C)
DNA was isolated at 6 hpi as a measure of viral input and at 48 hpi. Relative viral genomic DNA levels were
quantified by qPCR using a forward primer recognizing a conserved sequence in the left end of the HAdV genome
in combination with specific reverse primers for HAdV-C5, -B3, and -E4. To determine viral genome replication
efficiency, 48 hpi was normalized to the 6 hpi input. IVM treatment significantly impaired efficiency of HAdV-C5 and
-B3 genome replication, represented as mean � SEM (*, P � 0.005; n � 3). (D) RNA was isolated at 24 hpi, and cDNA
was generated using random primers. RT-qPCR was performed targeting HAdV-C5 early gene products, and results
were normalized to cellular GAPDH. Fold change compared to control-treated cells is shown, displayed as mean �
SEM; *, P � 0.05; NS, not significant; n � 3.
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We next tested if ivermectin was affecting replication of the viral DNA genome itself.
As a consequence of the reduced levels of DBP and lower numbers of virus replication
centers (Fig. 2D), we suspected that viral genome copy numbers would be reduced.
Indeed, compared to DMSO-treated cells, ivermectin treatment caused a significant
decrease in viral genome replication efficiency at 48 hpi as measured by quantitative
PCR (qPCR) for HAdV-C5 (Fig. 3B). To determine if ivermectin is effective against other
clinically relevant HAdV species, we tested genome replication efficiency for both
HAdV-B3 and HAdV-E4 (Fig. 3C). Similar to HAdV-C5, a significant reduction in HAdV-B3
genome replication was observed. However, HAdV-E4 was unaffected by ivermectin
under these conditions.

E1A is a necessary transcriptional activator (trans-activator) of HAdV-C5 early gene
expression (39). We hypothesized that ivermectin-mediated abrogation of its nuclear
localization and overall expression (Fig. 2C and 3A) would cause reduction of E1A-
regulated viral transcripts. We examined HAdV-C5 infected cells at 24 hpi (when E1A
protein levels showed a large difference between DMSO and ivermectin treatment [Fig.
3A]) for expression of the E1A, E1B, E2, E3, and E4 transcription units using reverse
transcriptase quantitative PCR (RT-qPCR) (Fig. 3C). All early genes displayed reduced
levels of mRNA expression in the presence of ivermectin, consistent with our hypoth-
esis.

Ivermectin inhibits the Imp-�/NLS interaction, but not the Imp-�/�1 interac-
tion. Although ivermectin directly targets the classical nuclear import pathway, the
exact molecular mechanism by which it inhibits nuclear import remains unclear.
Ivermectin’s mode of action could be via blocking NLS recognition by Imp-�, blocking
the Imp-�/�1 interaction, or possibly both. To provide mechanistic insight into iver-
mectin’s impact on nuclear import, we tested its effects on the protein-protein inter-
action between classical NLSs and Imp-�. We cotransfected HT-1080 cells with FLAG-
tagged Qip1 (Imp-�3) and either EGFP-tagged TAg NLS or HAdV-C5 E1A and subjected
whole-cell lysates to coimmunoprecipitation (CoIP) in the presence of ivermectin (Fig.
4). Immunoprecipitation of Qip1 showed significantly reduced binding to either the
TAg NLS or E1A in the presence of ivermectin compared to the DMSO control. Since
nuclear import of cargo by Imp-� depends on Imp-�1, we also tested for Qip1’s ability

FIG 4 Ivermectin blocks NLS binding, but not the Imp-� and -�1 interaction. HT-1080 cells were
cotransfected with either EGFP-tagged TAg NLS or HAdV-C5 E1A as well as FLAG-tagged Qip1 (importin-
�3). Prior to coimmunoprecipitation, cells were pretreated with 25 �M ivermectin (IVM) or DMSO and
then immunoprecipitated (FLAG) in the presence of 25 �M IVM or DMSO. Western blots for both EGFP
constructs and endogenous Kpnb1 (Imp-�1) were performed on the same FLAG-Qip1 immunoprecipi-
tated samples. In the presence of ivermectin, Qip1 is unable to recognize both TAg NLS and E1A protein.
Under these conditions, the interaction between Qip1 and Imp-�1 was unaffected by IVM.
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to pull down endogenous Imp-�1 (Kpnb1) using the same CoIP samples. In contrast to
cargo interactions, the concentration of ivermectin sufficient to inhibit TAg NLS or E1A
binding was not sufficient to block binding of endogenous Imp-�1 to Qip1. These
results suggest that ivermectin specifically inhibits the ability of Imp-� to recognize a
classical NLS, without affecting the Imp-�/�1 interaction.

DISCUSSION

Cellular pathways controlling nuclear-cytoplasmic transport of viral proteins have
emerged as attractive targets for antiviral intervention. The search for new targets is
partly due to existing limitations of directly acting antivirals, which often utilize a “one
drug, one bug” approach (46). Most of the approved antivirals target virally encoded
enzymes (47), which inherently have a narrow spectrum of activity when considering
the vastness of viral diversity. Emerging viruses such as severe acute respiratory
syndrome coronavirus (SARS-CoV), Middle East respiratory syndrome CoV (MERS-CoV),
and SARS-CoV-2 have no directly acting antiviral treatments, highlighting an area
where broadly acting antivirals could have profound impact (48, 49).

One approach to developing broadly acting antivirals is through targeting host
factors upon which the virus depends. Evolution of resistance to a drug is expected to
be much slower, or even nonexistent, for a host factor than for a virus. Targeting these
weak points of virus-host interfaces is a strategy being aggressively explored for
numerous viruses (50–52). Success has even been achieved with antiretroviral com-
pounds that target the host coreceptor CCR5, blocking HIV replication (53).

Intracellular pathways, such as protein nuclear import, are exploited by many RNA
and DNA viruses. Many viruses replicate their genomes within the nucleus of infected
cells and/or encode trans-acting viral proteins with important nuclear functions. Also,
many protein components of nuclear transport pathways are directly hijacked by
diverse viruses (9, 39). Among these is the classical nuclear import pathway mediated
by Imp-�/�1, making it an actionable host target for broadly acting antivirals. Several
drugs, including small molecules and peptides, have been shown to target this path-
way (54). However, only two of these, ivermectin and mifepristone, are FDA approved,
albeit for nonviral indications (54–56). A novel high-throughput screening approach
identified ivermectin as a specific inhibitor of nuclear import of HIV integrase via
inhibition of this pathway (31). To date, ivermectin has been shown to inhibit nuclear
import of viral proteins from a range of viruses in vitro (32, 33, 55, 57–61) and is
currently being used in a clinical trial for the treatment of pediatric dengue virus
patients (NCT03432442). Further highlighting the potential application of ivermectin is
recent evidence demonstrating that ivermectin can inhibit replication of SARS-CoV-2 in
vitro (62). Together, these findings map a new direction for studying these classes of
drugs, particularly ivermectin, as potentially useful broad-spectrum antiviral agents.

Here, we sought to examine ivermectin’s effects on HAdV infection, using HAdV-C5
as a model. Treatment of cells with ivermectin after infection with HAdV-C5 resulted in
a dose-dependent decrease in the production of infectious progeny virus as deter-
mined by plaque assay. This reduction was most severe in the presence of 10 �M
ivermectin, which caused a nearly 2-fold log reduction in viral titers at 60 hpi compared
to DMSO-treated control cells. While this dose of ivermectin did begin to negatively
affect cell health at 72 hours postadministration, this is unlikely to account for the
nearly 100-fold reduction in viral output, especially as experimental samples were
collected earlier than 72 hours. These results parallel recent findings demonstrating
that ivermectin can inhibit production of infectious progeny from other viruses, includ-
ing flaviviruses such as West Nile virus, Zika virus, and DENV (61).

To begin to understand how ivermectin inhibits HAdV-C5 replication, we explored
the impact of ivermectin on intracellular localization of HAdV proteins during infection.
We first confirmed ivermectin’s ability to block Imp-�-mediated nuclear import by using
the well-characterized classical SV40 TAg NLS as a control. Like TAg, the HAdV-C5 E1A
protein also contains a classical NLS that utilizes Imp-�/�1 to drive nuclear import (40).
After infection with HAdV-C5, treatment with 10 �M ivermectin caused a shift in E1A
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subcellular localization from its predominantly nuclear localization to a nuclear/cyto-
plasmic one, similar to that observed for a mutant E1A containing a deletion of its
C-terminal NLS sequence (63). While most E1A was relocalized to the cytoplasm, some
remained in the nucleus. This may be due to insufficient drug, or E1A’s small size, which
may allow some passive diffusion into the nucleus. Additionally, E1A has several
nonclassical NLSs, which may allow entry into the nucleus in the absence of the classical
nuclear import (64). Nevertheless, use of such alternative nuclear import pathways is
clearly not sufficient for the virus to overcome the negative effects caused by ivermec-
tin’s inhibition of classical nuclear import.

We also examined the localization of HAdV-C5 DBP, a single-stranded DNA-binding
protein. DBP is a larger (�72 kDa) protein crucial for replication of the viral genome and
is frequently used as a marker for visualizing virus replication centers (43). Interestingly,
ivermectin did not affect DBP nuclear localization as dramatically as E1A, despite the
known presence of two classical NLSs within its N terminus. This was not entirely
unexpected, as a previous study showed that mutant DBP lacking its NLSs was still
strongly nuclear (45). Since ivermectin only targets Imp-� cargo, it remains possible that
DBP utilizes an Imp-�-independent nuclear import pathway. Nevertheless, ivermectin
treatment affected the formation of virus replication centers, as they were smaller and
fewer, in concordance with the observed lower levels of viral progeny production.

In addition to infectious progeny, we surveyed the impact of ivermectin treatment
on HAdV-C5 early and late proteins, as well as replication of its DNA genome. On the
protein level, synthesis of E1A at early time points during infection remained un-
changed. This may be due to E1A’s initial expression being driven by a strong,
constitutive enhancer sequence in the left end of the HAdV genome (65). It also
suggests that the earliest parts of HAdV-C5 infection may be unaffected by disruption
of the Imp-�/�1 pathway. This is different from the effect of ivermectin on infection by
BKPyV, another small DNA tumor virus. BKPyV utilizes classical NLSs to facilitate nuclear
entry of incoming viral particles (35), while HAdV capsids transit to the nucleus via
microtubules in an NLS-independent manner (66, 67). Despite the initial burst of E1A
expression in the presence of ivermectin, subsequent time points showed a severe loss
of E1A protein synthesis after 24 h. This suggests that the positive feedback loop
whereby newly synthesized E1A protein would enter the nucleus to transactivate
additional expression of itself may be disrupted by ivermectin. Levels of DBP were
decreased across infection, consistent with the smaller amounts of virus replication
centers previously observed. Expression of various late proteins, including hexon,
penton, and protein V and VII, were also greatly reduced in the presence of ivermectin.
As expected, overall replication of the HAdV-C5 genome was severely decreased by
ivermectin treatment. This aligns with observations of the smaller numbers of virus
replication centers and overall lower expression levels of DBP. The combination of
reduced viral genome templates and early proteins also likely accounts for the subse-
quent reduction in HAdV-C5 late gene expression.

In addition to HAdV-C5, we tested genome replication efficiency for HAdV-B3 and
-E4, both of which represent clinically relevant HAdV species. Like HAdV-C5, ivermectin
dramatically reduced HAdV-B3 genome replication. HAdV-B3 is commonly associated
with acute respiratory illness; therefore, drugs like ivermectin could have significant
clinical relevance. For HAdV-E4, overall levels of replication were lower than for -B3 and
-C5 even in DMSO-treated cells, but its relative genome replication was unaffected by
ivermectin treatment. Although initially surprising, the lower replicative ability of this
virus could obscure ivermectin’s effects. Alternatively, HAdV-E4 is unique among
HAdVs, as it more closely resembles simian adenoviruses (68). Past studies examining
HAdV-E4 genome replication suggest that HAdV-E4 relies on a different repertoire of
host factors than other HAdV species (63). For example, knockdown of host protein
kinase A severely inhibits genome replication of HAdV-B3, -C5, -D9, and -A12, but not
-E4. Furthermore, in vitro evidence has demonstrated that the E1A protein of HAdV-E4
uses a nonclassical NLS located in conserved region 3. Indeed, E1A from HAdV-B3 and
-C5 also possesses this nonclassical NLS; however, nuclear import studies have shown
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this region of HAdV-E4 E1A to be a much more potent stimulator of nuclear import than
-B3 or -C5 (64).

Lastly, we probed for relative expression levels of mRNAs from all HAdV-C5 early
transcription units (E1A, E1B, E2, E3, and E4). At 24 hpi, we detected lower levels of
mRNA for each of these early genes. This is expected given the lower levels of E1A
expression, which would otherwise drive higher expression of these downstream genes
(39). Together, these findings suggest ivermectin’s inhibition of HAdV-C5 replication
stems mostly from lower expression of crucial viral gene products, particularly E1A, via
disruption of its nuclear localization.

Despite the growing interest in studying ivermectin as an antiviral agent, relatively
little is known about its molecular mode of action. The original high-throughput drug
screen unequivocally demonstrated ivermectin’s ability to inhibit the binding of HIV
integrase and TAg NLS to the Imp-�/�1 complex. Recent in vitro data published by
Yang et al., suggest that ivermectin induces structural changes in Imp-� that prevents
NLS recognition, as well as binding to Imp-�1 (61). Our data derived from CoIP
experiments confirm that ivermectin blocks NLS recognition. However, our results
suggest that concentrations of ivermectin sufficient to block NLS binding to Imp-� are
not sufficient to disrupt formation of the Imp-�/�1 complex. The �IBB domain of Imp-�
acts as an auto-inhibitory NLS that binds its own NLS binding region in a fashion that
mimics classical NLS binding (69). Ivermectin could theoretically block or weaken this
intramolecular interaction the same way it blocks NLS binding, while leaving the
�IBB/Imp-�1 intermolecular interaction unaffected. It would be interesting to deter-
mine if Imp-�1 is still carrying unloaded Imp-� into the nucleus in the presence of
ivermectin, causing futile cycles of import that may have consequences beyond simple
inhibition of NLS/Imp-� interactions. Although we examined Qip1 (Imp-�3) in detail, as
it is the preferred importin for E1A (42), it will be important to consider how ivermectin
may influence NLS binding to other Imp-� isoforms. Differences among isoforms can
influence both the binding of NLSs and the auto-inhibitory potential of the �IBB (6).
This could be achieved by studying the broader effects of ivermectin with a panel of
different Imp-� isoforms and a variety of classical NLSs.

Based on the data presented here, we conclude that the effect of ivermectin on
nuclear import of E1A can explain the significant reduction in viral replication (Fig. 5).
Upon HAdV infection, E1A is the first viral gene transcribed and is responsible for
setting the stage for viral replication to proceed (70, 71). Inhibition of E1A nuclear
import at early time points during infection would impair its ability to transactivate viral
early genes, including itself, ultimately resulting in the downstream consequences
observed here: impaired production of other early proteins, genome replication, late
proteins, and infectious progeny. Supporting this, orthogonal experiments using HAdV
encoding an NLS-deleted E1A showed a similar reduction in overall viral replication as
we see here with ivermectin (72).

In summary, this study provides evidence that disruption of classical Imp-�/�1-
mediated nuclear import has promise in combating at least a subset of HAdV infections.
Importantly, these data support the growing body of literature suggesting ivermectin
has utility as a broadly acting antiviral agent. In addition, these findings demonstrate
the strategic advantage of targeting host factors for antimicrobial action. Genetically
distinct viruses often share important, potentially druggable features as a result of their
codependence on host processes, including the classical nuclear import pathway (9, 35,
73, 74). In addition to repurposing ivermectin for treatment of viral infections that have
no current therapeutic options (including HAdV), these results support the idea that
targeting host nuclear import by other drugs or means could be a valid strategy as well.

MATERIALS AND METHODS
Cell lines, cell culture, and transfections. Human A549 (provided by Russ Wheeler, Molecular

Pathology/Genetics, London Health Sciences Centre), HEK293, and HT-1080 (purchased from the Amer-
ican Type Culture Collection) cells were grown at 37°C with 5% CO2 in Dulbecco’s modified Eagle’s
medium (DMEM; Multicell Technologies) supplemented with 1% penicillin/streptomycin (Multicell) and
10% fetal bovine serum (FBS; Gibco). Transfection of DNA into HT-1080 cells was done using
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X-tremeGENE HP (Roche) by following the manufacturer’s recommendations. For treatment with iver-
mectin on transfected HT-1080 cells, medium was replaced 16 hours posttransfection with fresh DMEM
containing 10% FBS and the indicated concentration of drug (or the corresponding volume of DMSO
control) and left for 1.5 hours prior to downstream harvesting for microscopy or immunoprecipitation.

Viruses and infection of cells. Wild-type (WT) HAdV-C5 (dl309) was previously described (75). WT
serotypes of HAdV-3 (strain GB, lot 11W) and -4 (strain RI-67, lot 3W) were purchased from the ATCC via
Cedarlane. A549 cells were infected at an MOI of 5 PFU/ml. Cell cultures were infected at �50%
confluence for 1 hour at 37°C, and subconfluent cells were collected at the indicated time points for
downstream experiments. For plaque assays, confluent HEK293 cells were infected with serially diluted
samples for 1 hour at 37°C before being overlaid with DMEM containing 1% SeaPlaque agarose (Lonza).
For treatment with ivermectin on infected A549 cells, infectious medium was replaced after 1 hour with
fresh DMEM containing 10% FBS and the indicated working concentrations of drug (or the corresponding
volume of DMSO control) for the duration of the experiment.

Cell viability assay. Cells were seeded in 96-well plates at 2,500 cells per well and left to adhere
overnight. Medium containing ivermectin was added at concentrations ranging from 10 nM to 150 �M
and left for 72 hours before viability was assessed. For each condition, three replicates were used.
Viability was indirectly measured using PrestoBlue reagent (Thermo Fisher). Normalized relative fluores-
cent units (RFUs) of the ivermectin-treated replicates were calculated as a percentage of the mean RFU
of control (DMSO-only) treatment replicates. IC50 values, defined as the concentration at which the
normalized RFU reached 50%, were calculated by nonlinear regression (Prism 8; GraphPad Software, Inc.).

Plasmids. All constructs were expressed in vectors under the control of the cytomegalovirus (CMV)
promoter. Full-length E1A and TAg NLS constructs were built into pEGFP-C2. FLAG-tagged Qip1 was
cloned into pcDNA3 and contains a full-length WT importin-�3 (KPNA4) and was previously described
(64).

Coimmunoprecipitation and Western blotting. Cells were pretreated with 25 �M ivermectin for
1.5 hours prior to lysis. Cells were lysed in 500 �l NP-40 lysis buffer (150 mM NaCl, 50 mM Tris-HCl pH 7.5,
0.1% NP-40) supplemented with protease inhibitor cocktail (MilliporeSigma; P8340). Coimmunoprecipi-
tation reactions were carried out at 4°C for 4 hours in NP-40 buffer supplemented with either 25 �M
ivermectin or an equivalent volume of DMSO, using 20 �l of washed magnetic FLAG beads (Milli-
poreSigma; M8823). Two percent of the sample was kept as input control. After being washed with NP-40
buffer, complexes were boiled in 25 �l of lithium dodecyl sulfate (LDS) sample buffer for 5 minutes.
Samples were separated on NuPage Bis-Tris gels (Life Technologies) and transferred onto a polyvi-

FIG 5 Ivermectin-mediated inhibition of the HAdV replication cycle. Proposed model of how ivermectin (IVM)
inhibits adenovirus replication. Green arrows indicate normal viral processes. Those processes inhibited directly or
indirectly by IVM are labeled with red. (A) HAdV virions are trafficked to the nuclear pore complex (NPC) via
microtubules, and viral genomes are released into the nucleus. (B) E1A is transcribed immediately, and its
corresponding mRNA is translated within the cytoplasm. In the presence of IVM, E1A protein cannot bind importin
alpha (�, green), therefore preventing the formation of a competent E1A/importin-�/�1 import complex. (C) In the
presence of IVM E1A, protein is not efficiently imported into the nucleus, indirectly preventing further transcription
of E1A and induction of other viral early genes. (D) Reduced expression of viral gene products leads to reduced
genome replication, late proteins, and ultimately, the assembly of viral progeny within the nucleus.
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nylidene difluoride membrane (Amersham). Membranes were blocked in 5% skim milk constituted in
Tris-buffered saline (TBS) with 0.1% Tween 20. Primary antibodies used include rabbit �-EGFP (Clontech),
mouse �-E1A (clone M73; in-house), mouse �-DBP (clone B6-8; in-house), mouse �-karyopherin �1 (Santa
Cruz; sc-137016), and rabbit �-HAdV5 (Abcam). Horseradish peroxidase-conjugated secondary antibody
was detected using Luminata Crescendo or Forte substrate (Millipore).

Immunofluorescence microscopy. Cells were fixed in 3.7% paraformaldehyde at room temperature,
permeabilized on ice using 0.2% Triton X-100, and blocked using 3% BSA in phosphate-buffered saline
(PBS). Samples were incubated in primary antibody (rabbit �-EGFP [Clontech], mouse �-E1A [clone M73;
in-house], mouse �-DBP [clone B6-8; in-house]) for 1 hour at room temperature and another 30 minutes
at room temperature with secondary antibody (Alexa Fluor 488; Life Technologies). Samples were
mounted with Prolong Gold reagent containing 4=,6-diamidino-2-phenylindole (DAPI; Life Technologies).
Confocal images were acquired using a Fluoview 1000 laser scanning confocal microscope (Olympus
Corp.).

Reverse transcription and qPCR. Total RNA was prepared using the PureLink RNA minikit (Thermo
Fisher) including on-column PureLink DNase treatment. RNA was reverse-transcribed into cDNA
using the Superscript VILO Mastermix (Thermo Fisher). Relative cDNA levels were measured by qPCR
using Power SYBR green (Thermo Fisher) with oligonucleotide sequences that specifically recognize
the indicated HAdV-C5 targets (E1A [forward (F), ACACCTCCTGAGATACACCC; reverse (R), TTATTGC
CCAGGCTCGTTAAGC], E1B [F, GACAATTACAGAGGATGGGC; R, CACTCAGGACGGTGTCTGG], E2 [F,
GGGGGTGGTTTCGCGCTGCTCC; R, GCGGATGAGGCGGCGTATCGAG], E3 [F, GAGGCAGAGCAACTGC
GCC; R, GCTCTCCCTGGGCGGTAAGCCGG], E4 [F, GCCCCCATAGGAGGTATAAC; R, GGCTGCCGCTGTGG
AAGCGC]). GAPDH (F, ACTGCTTAGCACCCCTGGCCAA; R, ATGGCATGGACTGTGGTCATGAGTC) was
used as an endogenous cellular control for total cDNA along with no-RT and no-template negative
controls. Results were normalized to cellular GAPDH, calculated using the ΔΔCT method, and set as
relative to DMSO-treated samples.

Virus replication assay. A549 cells were infected with either HAdV-C5, -B3, or -E4 and then
supplemented with medium containing 10 �m ivermectin. Total cell DNA was purified at 6 and 48 hours
postinfection using a DNeasy blood and tissue kit (Qiagen). Viral DNA levels were quantified by qPCR
with Power SYBR green (Thermo Fisher) using a forward (F) primer (E1A-F, AGAGGCCACTCTTGAGTGC)
that recognizes a conserved sequence in E1A in combination with a HAdV-C5-specific reverse (R) primer
(Ad5E1A-R, CGTCACGTCTAAATCATAC), HAdV-B3-specific reverse (R) (Ad3E1A-R, TACAGATCGTGCAGCGT
AGG), or HAdV-E4-specific reverse (R) primer (Ad4E1A-R, AGCGAAGGTGTCTCAAATGG). Values were
normalized to GAPDH (F, ACTGCTTAGCACCCCTGGCCAA; R, ATGGCATGGACTGTGGTCATGAGTC), and the
fold increase of viral copy number at 48 hours was calculated by normalizing to input viral DNA at 6 hours
postinfection. Viral replication efficiency in the presence of ivermectin was presented as the relative value
compared to that for DMSO control-treated cells, which were normalized to 1.

Statistical analysis. All experiments were carried out with three biological replicates. Graphs
represent means and standard errors of the means (SEM) for all biological replicates. For Western
blotting, a representative image was selected. Statistical significance of numerical differences was
calculated using either t tests or one-way analysis of variance and Holm-Sidak post hoc comparisons
between experimental conditions.
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